Background-Intratracheal instillation of bleomycin into mice leads to deposition of collagen in the lung and fibrosis, but the mechanism for this is poorly understood. Enhanced collagen gene expression, increased collagen synthesis, decreased collagen degradation, and proliferation of fibroblasts have all been proposed as possible contributors. To obtain information on the activity of collagen producing cells at an early stage in the development of pulmonary fibrosis in situ hybridisation was used to detect and localise products of the type III procollagen gene. In addition, assay of type III procollagen gene expression was performed using dot-blot analysis of lung RNA extracts. Methods-Lung fibrosis was induced in mice by intratracheal instillation of bleomycin sulphate (6 mgikg body weight) and tissues were examined after three, 10, 21 and 35 days. RNA-RNA hybridisation was accomplished with riboprobes labelled with sulphur-35 which were generated from a 1-7 kb mouse procollagen al(III) cDNA. In situ hybridisation was performed on sections fixed in paraformaldehyde and embedded in paraffin wax and steady state values of type III procollagen mRNA were assayed by dot-blot analysis of total lung RNA extracted by guanidium isothiocyanate.
Abstract
Background-Intratracheal instillation of bleomycin into mice leads to deposition of collagen in the lung and fibrosis, but the mechanism for this is poorly understood. Enhanced collagen gene expression, increased collagen synthesis, decreased collagen degradation, and proliferation of fibroblasts have all been proposed as possible contributors. To obtain information on the activity of collagen producing cells at an early stage in the development of pulmonary fibrosis in situ hybridisation was used to detect and localise products of the type III procollagen gene. In addition, assay of type III procollagen gene expression was performed using dot-blot analysis of lung RNA extracts. Methods-Lung fibrosis was induced in mice by intratracheal instillation of bleomycin sulphate (6 mgikg body weight) and tissues were examined after three, 10, 21 and 35 days. RNA-RNA hybridisation was accomplished with riboprobes labelled with sulphur-35 which were generated from a 1-7 kb mouse procollagen al(III) cDNA. In situ hybridisation was performed on sections fixed in paraformaldehyde and embedded in paraffin wax and steady state values of type III procollagen mRNA were assayed by dot-blot analysis of total lung RNA extracted by guanidium isothiocyanate. Results-Data obtained using both techniques suggest that type M procollagen gene expression was enhanced in bleomycin induced fibrosis and that expression was maximal between 10 and 35 days after a single dose of bleomycin.
The most active cells were located in interstitial areas around the conducting airways, although these cells were usually seen in areas with no histological evidence of fibrosis. Regions with the most advanced fibrosis, as assessed by histological methods, rarely contained cells with activity above the threshold detectable by this technique. Conclusions-These results suggest that activation of interstitial fibroblasts, with enhanced type III collagen gene expression, forms at least part of the mechanism leading to increased collagen deposition in bleomycin induced fibrosis and that this occurs before fibrosis is detected by conventional histological staining. (Thorax 1993; 48:622-628) To maintain its primary function in gas exchange the lung depends on a network of diverse structural elements which determines its elastic properties, and also plays a part in regulating cell-cell contact and determining cell function.' Among these matrix elements the most abundant components are the collagens, with types I and III collagens the most widely distributed in both airways and parenchymal structures. The ordered distribution of these proteins is vital to maintain the structural properties of lung tissue while allowing gas exchange to proceed freely within alveoli. This property is compromised in several respiratory disorders, whose most common feature is pulmonary fibrosis. Fibrosis may be associated with known agents-for example, asbestos or drugs such as bleomycin-but sometimes the causes are unknown such as in cryptogenic fibrosing alveolitis (idiopathic pulmonary fibrosis) or in association with diseases such as systemic sclerosis or sarcoidosis. All these disorders are characterised by inflammation, thickening of the alveolar wall, and excessive deposition of predominantly type I and III collagens.
To examine the pathogenesis of pulmonary fibrosis different experimental models in animals have been developed, the most common of which entails the intratracheal instillation of bleomycin.6 The histological pattern of fibrosis in bleomycin induced fibrosis is similar to that seen in humans, although the time course for development is much shorter. For example, in mice the increase in collagen content is maximal about two months after a single dose of bleomycin given intratracheally. 7 Increased rates of collagen synthesis in the lung have been reported in bleomycin induced fibrosis by several groups using in vitro and in vivo techniques.89 Degradation has been less well studied, but reduced degradation may also contribute to the increased lung collagen content. For measurement of collagen content animals were killed and lungs perfused with 2 ml of phosphate buffered saline at 4°C. Total lung collagen content was assessed by measuring hydroxyproline, which was determined spectrophotometrically after oxidation with chloramine-T and extraction of the toluene miscible product."3 TISSUE PREPARATION In situ hybridisation was accomplished based on techniques described previously.'4 15 These methods and the modifications adopted are described briefly.
Sections (5 pm thick) were cut and placed on slides previously coated with a 2% v/v solution of 3-aminopropyltriethoxysilane in acetone. After dewaxing, sections were rehydrated through a series of alcohol washes of decreasing concentration, followed by immersion in 0-14 M sodium chloride and phosphate buffered saline before refixing with 4% paraformaldehyde. To allow optimum entry of the probe into cells sections were digested with proteinase-K (20 pg/ml in 50 mM TRIS hydrochloride), 5 mM EDTA (pH 7-5 buffer) for 7-5 minutes before fixing with paraformaldehyde. To decrease surface charges slides were immersed in 0-1 M triethanolamine followed by dehydration through a series of increasing concentrations of ethanol.
PREPARATION OF THE PROBE
To perform hybridisation experiments we used a 1 7kb cDNA EcoR, fragment containing the second exon of the mouse type III (a1) procollagen gene.'6 This construct was initially cloned in pBR322 and, after large scale preparation, using polyethylene glycol precipitation,'4 the plasmid was digested with EcoR, and ligated into pAM18. To generate antisense and sense riboprobes in vitro transcription was performed using T7 or SP6 RNA polymerases respectively in the presence of uridine triphosphate labelled with sulphur-35 (Amersham International). Solutions were then treated with RNAse free DNAse (Boehringer, Germany) with yeast transfer RNA added as a carrier and dithiothreitol added to minimise oxidation of the probe. Probes were then alkaline hydrolysed for 60 minutes in a buffer containing 80 mM sodium carbonate and 120 mM sodium bicarbonate and then neutralised in a 200 mM acetate buffer. This hydrolysis is performed to generate polynucleotides of about 50 base pairs long. This has been shown previously to be an appropriate length for the probe to enter the cells and hybridise optimally with mRNA species. Labelled probes then were separated from unincorporated nucleotides by loading on to a column of sterile Sephadex G-50 preblocked with yeast RNA and eluted with 10 mM TRIS hydrochloride (pH 7 5) containing 5 mM EDTA and 0 1% sodium lauryl sulphate. Fractions containing radioactivity were combined and the probe precipitated with 0 1 volumes of 3 M sodium acetate and 2-5 volumes of ethanol at -70°C for 15 minutes. After centrifugation the pellet was resuspended in 10 mM dithiothreitol to achieve a concentration of 5 x 105 counts per minute per pl of the probe.
IN SITU HYBRIDISATION
The hybridisation solution comprised one part probe to nine parts hybridisation buffer (50% formamide, 300 mM sodium chloride, 20 mM TRIS hydrochloride (pH 7.4), 5 mM EDTA, 10 mM sodium monophosphate (pH 8 0), 10% dextran sulphate, normal strength Denhardt's solution of a mixture of 50% formamide with dextran sulphate) and 500 pg/ml yeast RNA (25 pl) was applied to each tissue section and covered with siliconised coverslips. Sections were incubated for 16 Shahzeidi, Mulier, Crombrugghe, Jeffery, McAnulty, Laurent hours at 42°C in a chamber humidified with a solution of 50% formamide in twice standard sodium citrate solution. The optimal incubation temperature (42°C) was determined from the melting point of the probe (Tm) based on the salt concentration in the hybridisation solution and the base composition of the probe.
WASHINGS AFTER HYBRIDISATION
After hybridisation, slides were washed in twice standard sodium citrate solution, 10 mM dithiothreitol at 50°C for 30 minutes, 50% formamide, twice standard sodium citrate solution, 10 mM dithiothreitol at 65°C for 20 minutes, and in twice standard sodium citrate solution at 37°C for two washes of 10 minutes each. Sections were then treated at 37°C for 30 minutes with a solution of four times standard sodium citrate solution containing 20 ,ug/ml RNase-A followed by washes of twice standard sodium citrate solution at 37°C for 10 minutes and a tenth of standard sodium citrate solution at 37°C for 15 minutes. Finally sections were dehydrated in a series of washes with alcohol containing 0-3 M ammonium acetate and air dried.
AUTORADIOGRAPHY
Sections were dipped into a photographic emulsion (K5, Ilford) previously warmed to 42°C and diluted (1:1) with distilled water. Slides were allowed to dry in the dark for two hours and then placed in a light tight box with silica gel for two or three weeks at 4GC. Slides were immersed in developer for 3-5 minutes (Dl 9, Kodak) and then into fixer for two minutes (Rapid fixer, Ilford), followed by several quick rinses with distilled water. Sections were then counterstained with haematoxylin, dehydrated through a series of ethanol washes, and mounted in Cytoseal 60 media (BDH).
RNA ISOLATION AND NORTHERN ANALYSIS
Total lung RNA was isolated by the guanidium isothiocyanate and phenol chloroform technique as described by Maniatis et After hybridisation filters were washed twice in twice standard sodium citrate solution and 0-1% SDS at room temperature, followed by two washes in a fifth of standard sodium citrate solution and 0-1% SDS at 400C.
Hybridisation filters were exposed to x ray films (Kodak) at -80°C and autoradiographs developed in Fuji medical film processor (GFII) after three days of exposure. For quantification, autoradiographs of the dotblots were scanned using an Apple Macintosh based image analysis system with an Abaton scanner. Amounts of type III mRNA were measured per unit total RNA and as a ratio compared with the fl-actin mRNA.
Results Figure 1 shows the changes in lung collagen content in animals treated with bleomycin compared with controls killed at the same times. Collagen contents of bleomycin treated animals were not different from controls at three days, but by 10 days had increased by about 40% (p < 0 05). After this time there was a further increase and by 35 days the content was almost twice that of controls (p < 0.01).
Extensive fibrosis was apparent by light microscopy in animals 35 days after bleomycin administration (fig 2) . In the lungs of these animals there were many areas in which the normal architecture, with fine alveolar septa, was lost while other areas were apparently normal. Figure 3 shows the highly specific hybridisation of riboprobes coding for type III procollagen and f)-actin with mRNA isolated from mouse lung. Probes hybridised to specific mRNA species with molecular weights of 5-6 kilobases and 2-3 kilobases, corresponding to the size of mRNAs for type III procollagen and fl-actin probes respectively. (fig 5A and B) . In other than subpleural sections there was a diffuse distribution of signal, but this was not apparently different from that due to non-specific interaction of the probe with tissue ( fig 5C and D) . Riboprobes labelled with phosphorus-32 were generated using T7 polymerase and applied to Hybond membranes, on 6 tion have previously been investigated in bleomycin induced pulmonary fibrosis. There is abundant evidence for enhanced collagen synthesis, based on uptake of radiolabelled proline into collagen,89 and in one of these studies a concomitant decrease in the rate of rapid collagen degradation was reported. 8 Enhanced production of lung collagens could be mediated at several points during collagen gene expression and biosynthesis.' One possibility might be regulation by changes in transcription rate or the stability of mRNA for procollagens. NS mRNA for procollagens I and III are increased during bleomycin induced fibrosis."0'2 However, in all these studies mRNA was extracted from the lung and therefore the results cannot assess whether increases derive from changes in cell number or changes in procollagen mRNA production by existing cells, or both. There is evidence for fibroblast proliferation in bleomycin induced pulmonary fibrosis in hamsters'7 so changes in cell number need to be assessed. The introduction of in situ hybridisation techniques allows the question of whether cellular procollagen gene expression is upregulated to be addressed, but we are aware of no reports using these techniques to examine procollagen III gene expression in fibrotic disorders. In this study we used Northern analysis to measure changes in mRNA concentrations and in situ hybridisation to assess the distribution of cells containing the mRNA for procollagen III during the course of bleomycin induced pulmonary fibrosis. The results of Northern analysis suggested an increased concentration of mRNA for type III procollagen after 10 days, and whether expressed as a total amount, or as a ratio to fiactin, this increase was also apparent after 35 days.
We expressed type III procollagen mRNA concentrations in three ways (table). All methods have limitations, but many workers have used so called "housekeeping" genesfor example, fl-actin-as standards for comparision. However, the use of such genes as suitable controls has been questioned as their products may themselves increase in the course of bleomycin induced fibrosis. 18 We found an increase in /J-actin gene expression at 10 days (data not shown), but by 35 days, when gene expression for type III procollagen was enhanced, it had returned to control values.
To visualise the location of the procollagen III mRNA we examined the sections exposed to riboprobes labelled with sulphur-35 (35S) complementary to the mRNA (antisense probes); we compared these with sections exposed to sense probes not expected to hybridise as they have sequences identical to the mRNA of interest. The use of such radiolabelled probes gave us good spatial resolution allowing visualisation of individual cells (fig 4) . Such cellular resolution was unattainable with probes radiolabelled with phosphorus-32 (data not shown). One problem with 35S-probes is non-specific binding to lung tissue. Such binding is probably due to charge interactions and contamination with free nucleotides, which, although minimised by chromatographic separation, are impossible to remove completely. Non-specific binding is also minimised by adjusting the stringency of washes after hybridisation and exposure times of autoradiography. For this probe, however, the protocol gave the minimum background without loss of RNA-RNA hybrids and allowed visualisation of mRNA associated with individual cells. For each probe the protocol will vary and should be adjusted to give optimum results.
High background will mask cells of lower activity. In both control and bleomycin treated lungs more cells are likely to be active than we have shown here as there is a threshold under which activated cells cannot be detected. For example, it has been estimaited that a gene copy number of at least 20 would be necessary to detect mRNA with a technique similar to that we have used. '9 Our study shows the advantage of combining quantitative estimates of mRNA using solid phase hybridisation techniques and morphological assessment by in situ hybridisation. The dot-blot analysis suggests increased amount of mRNA but without the in situ hybridisation it would be impossible to delineate whether the increase was associated with activation of individual cells. Figure 4A shows that individual cells are activated and locates these cells in specific areas of the lung.
In 
